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Abstract
A visual complaint such as blurred or ‘washed-out vision’ can be one of the early signs of multiple sclerosis (MS). Although
visual deficits are commonly attributed to optic nerve demyelination even with preserved visual acuity, the results of a
considerable number of visual studies are inconsistent with this interpretation [Camisa, Mylin, & Bodis-Wollner, Annals of
Neurology 10 (1981) 532–539; Regan & Neima, British Journal of Ophthalmology 68 (1984) 310–315]. However, a retinal axonal
(nerve fiber layer) defect can be detected in some eyes, this is not the rule. Routine visual field (VF) tests, with a low sampling
rate may also be non-informative in MS and optic neuritis, possibly because the VF abnormalities may be small and spotty or
they can be found between tested points. The present study combined the advantages of VF and contrast sensitivity (CS) testing
by applying contrast perimetry (CP), to the central 16° of the VF. Four paracentral VF quadrants were tested in clinically affected
and unaffected eyes of 31 MS patients and 26 controls. The stimuli were vertical Gaussian apertured sinusoidal gratings (Gabors)
of 1 cpd. CS was obtained as a function of the diameter of the Ga´bor ranging from 1 to 7.4°. The CP data of controls and definite
and probable MS groups were significantly different for each pattern size, but the largest difference was found at diameters
2.5–3.7°. Our study adds to previous evidence showing that optic nerve pathology does not explain ‘subclinical’ and manifest
visual dysfunction in MS. Given previous studies revealing orientation dependent monocular visual deficits and our study results,
parsimony suggests that MS affects a network relying on myelinated lateral axonal branches of the visual cortex, binding
monocular columns of neurons with like-with-like specificity. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Even when visual acuity is intact, a monocular visual
complaint such as blurred or ‘washed-out’ vision can be
one of the early signs of multiple sclerosis (MS). A
unique neurophysiopathological explanation of the sub-
jective complaint of blurred vision in MS does not exist.
However, it is generally assumed, that the cause is optic
nerve demyelination. While a retinal axonal (nerve fiber
layer) defect is seen in some eyes, this is not the rule.
Some, but not all MRI studies of the optic nerve reveal
a high percentage of non-specific abnormalities (Guy,
Mancuso, Quisling, Beck, & Mosler, 1990). A some-
what more specific sign, an abnormal MRI contrast
enhancement, is mostly evident during an acute attack
of optic neuritis (ON) but not between attacks, when
vision is still affected (Gass et al., 1996). Visual evoked
potential (VEP) changes are diagnostically valuable in
MS, even in eyes with normal vision (Halliday, Mc-
Donald, & Mushin, 1973; Regan, Silver, & Murray,
1977). The presence of VEP latency changes in MS is
commonly attributed to optic nerve demyelination, but
does not correlate with subjective vision or with visual
recovery. Furthermore and significantly monocular
VEP latency change (Camisa, Mylin, & Bodis-Wollner,
1981; Kirkham & Coupland, 1982) and foveal contrast
sensitivity (CS) (Regan & Neima, 1984; Neima,
LeBlanc, & Regan, 1984) in MS may depend on pattern
orientation. These results are not explained by optic
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nerve demyelination. Hence, it has not been unequivo-
cally shown that optic nerve pathology is the sole
explanation of blurred vision in MS.
Routine visual testing is equally unrevealing in pin-
pointing a unique mechanism of indistinct vision in
MS. Some studies report high numbers of abnormali-
ties in visual field (VF) testing, whereas in others the
yield is less (Nikoskelainen, 1975; Patterson & Heron,
1980; Meienberg, Flammer, & Ludin, 1982; Celesia et
al., 1990). One reason for this variability may be differ-
ences in VF testing sampling rates. The Humphrey field
analyzer, the Goldmann perimeter, the Bjerrum screen
perimeter, the Octopus automated perimeter and the
Friedmann perimeter apply different programs, but all
test a small number of loci in the central 30° of the VF
(Fujimoto & Adachi-Usami, 1988; Honan et al., 1990;
Fujimoto & Adachi-Usami, 1991; Sanchez-Dalmau,
Goni, Guarro, Roig, & Bordas, 1991; Keltner, John-
son, Spurr, & Beck, 1993; Keltner & Johnson, 1995).
For example, the programs 31 and 33 of the Octopus
automated perimeter use only 73 points, 6° apart, while
program 30-2 of the Humphrey automated perimetry
device tests 76 points. Although some studies report a
surprisingly high detection rate even with routine VF
tests, it is known that the abnormalities in MS may be
small and spotty or they can be situated between tested
points (Scott, 1957; Ellenberger & Ziegler, 1977). Even
when high VF detection rates are reported, CS mea-
surements still show a higher rate of abnormalities in
MS and ON fellow eyes (Regan et al., 1977; Sjostrand
& Abrahamsson, 1982; Medjbeur & Tulunay-Keesey,
1986; Regan, 1988; Augustinus, Van Den Bergh, &
Zeyen, 1990; Optic Neuritis Study Group, 1991), sug-
gesting the diagnostic advantage of extended low-con-
trast patterns as opposed to the punctuate stimuli of
VF testing. It appears likely that a sampling rate sub-
stantially below the retinal ganglion cell coverage fac-
tor of the retina may not reveal the true VF losses in
MS and ON. CS measurements test all ‘points’ in the
central 4–8° of the retina; however, deficits may lie
outside the central 8° (Bodis-Wollner, 1972; Bodis-
Wollner & Diamond, 1976; Regan et al., 1977; Bodis-
Wollner, Hendley, Mylin, & Thornton, 1979; Sjostrand
& Abrahamsson, 1982).
In the present study we have attempted to combine
some advantages of VF and CS testing and applied
contrast perimetry (CP), to detect visual impairment in
MS. As opposed to customary VF testing with punctu-
ate stimuli, we tested all ‘points’ in the paracentral
retina with grating patterns covering several degrees of
the visual field. Differently than in routine foveal CS
testing, or in VF testing, our stimuli ranged in diameter
from 1 to 8°. The stimuli were Gaussian apertured
vertical sinusoidal gratings of 1 cycles/degree (cpd).
They were randomly presented in four paracentral VF
quadrants. CP was first introduced by Regan and
Neima (1984) exploring paracentral CS to fixed size
extended grating. We asked the simple question of how
CS increases with increasing stimulus diameter. The
function relating CS to the area of the stimulus is a
measure of sensitivity for all points in the tested field
and may quantify interactive processes between these
‘points’, i.e. spatial summation. By quantifying not
only sensitivity but also spatial summation we wished
to relate the results to new concepts (Gilbert, 1992)
concerning areal interactions in human visual system
organization. Our results are promising as regards a
new and conceivably pathophysiologically meaningful
test of central–paracentral visual dysfunction in MS.
As we shall discuss in the light of our current results,
some of the previously established CS and VEP results
may be attributed to the pathology of the cortical
lateral interactions rather than to optic nerve demyeli-
nation alone.
2. Methods
2.1. Subjects
Twenty-six normal subjects (12 men and 14 women)
and 31 MS patients (nine men and 22 women) were
tested. All of the subjects gave informed consent ac-
cording to the Declaration of Helsinki (British Medical
Journal 1991; 302: 1194). The Ethical Committee of the
University of Nebraska Medical Center approved the
study. The mean age of the normal subjects was 37.5
years (range: 20–63, SD: 12.4 years). The mean age of
the patients was 44.55 years (range: 29–64, SD: 8.15
years). Twenty-six patients were diagnosed as having
definite MS (DMS) and eight having probable MS
(PMS). By clinical criteria 11 of the patients had a
history of unilateral and eight a history of bilateral
optic neuropathy. In the bilateral cases the optic nerves
were affected simultaneously in five and sequentially
affected in four patients. All the normal subjects had
20/30 or better visual acuity. All except four of the eyes
of the patients had 20/40 or better visual acuity (Table
1).
Table 1
The demographic data on the patientsa
DMSDiagnosis PMS
8Number of patients 23
44.22 (9.1)Age (years) 45.17 (5.1)
R-0R-3Optic neuropathy in the past
L-6 L-2
B-7 B-1
5.67 (5.5)7.35 (4.8)Duration of disease (years)
a R, right eye; L, left eye; B, both eyes.
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Fig. 1. This sketch depicts the stimulus arrangement in the present
study. Gabor patch stimuli are symbolized by large circles in each
quadrant of the central 20° (10° to each side) of the VF. Small circles
represent the fixed loci for the luminance stimuli used in the
Humphrey 30-2 perimetry program.
band (Section 4) when over S the spectral spread
around Fc is less than 1/3 octave. In the present study,
Fc was always 1 (cpd). The reasons for selecting this
particular patterned stimulus are as follows. When the
contrast abruptly rises at the edge of an extended
grating pattern, the observer’s detection threshold may
rely less on the pooling of contrast signals than on
abrupt local luminance variations. For instance, with a
sharply contoured extended repetitive pattern, it is pos-
sible to gain an advantage in detecting the stimulus by
judging the contrast at its edges. This advantage of edge
detection is predictable from the distribution of light at
a pattern edge where asymmetry is created by a lumi-
nance step versus the homogeneous surround (Fioren-
tini & Zoli, 1966). Depending on various factors, such
as spatial frequency and field size, an observer may
detect a grating pattern more easily by judging its edge
(Campbell, Carpenter, & Levinson, 1969). When a pat-
tern is presented eccentrically, the advantage of edge
detection is further enhanced by the inverse relationship
between eccentricity and the spatial grain of the retina
(Westheimer, 1982). This means that the edge closest to
the fovea has a higher weight in the detection process
than, say, the center of the pattern that is farther from
fixation. Hence, patterns that do not emerge squarely
from the background, but do so gradually, are better
suited for exploration of the spatial summation of
contrast signals as opposed to edge detection. Since our
study was aimed at evaluating the spatial summation of
contrast signals rather than edge detection, the use of a
smooth enveloping function is therefore preferable.
We tested the central 16° of the visual field. Gabors
were localized to a point 4° along the diagonal from
fixation, without crossing the midline. While many VF
studies have suggested that more peripheral VF defects
occur in MS, those results were based on predomi-
nantly luminance target perimetry. In contrast, many
foveal CS studies utilizing patterned stimuli suggested
that the central retinal area is vulnerable.
Gabor patches were randomly presented on a high-
resolution monitor in one of the four quadrants of the
central VF. The screen subtended 21×16° at the eye.
All stimuli were presented at a mean luminance of 60
cd/m2. The spatial frequency of the stimulus was 1 cpd
from a viewing distance of 1 m. The stimuli were
presented for 350 ms. Six different diameters were used:
1, 1.85, 2.5, 3.7, 5.6 and 7.4°. None of the patches
crossed the midline. The surround had the same lumi-
nance as the mean luminance of the pattern. All of the
four quadrants were tested in each individual.
The CS for each of the six stimulus diameters was
obtained by a modified staircase procedure. On each
block of trials, the stimulus first appeared at 10%
contrast. The observer was instructed to respond to
each stimulus whether or not he/she saw a stimulus.
Response was obtained by the observer pushing on a
2.2. Stimuli and procedures
Stimuli: The increase in CS as a function of the area
of a sinusoidal grating of a fixed spatial frequency (1
cpd) was explored in four quadrants of the VF (Fig. 1).
We used aperture-limited sinusoidal grating stimuli
based on the mathematical properties of signals origi-
nally proposed by Gabor (1946) and used originally in
vision research by Watson, Barlow, and Robson (1983).
The vertical grating was multiplied by a two-dimen-
sional Gaussian aperture so that maximum contrast
was localized. The luminance distribution of the spatial
‘patch’ stimulus, may be described as:
L(x, y, t)=L [1+CW(x, y) cos(2Fx) cos(2t ],
where y is vertical distance and t is time, while W is the
spatial (x and y) window function.
W(x, y)=exp[−x/Sx)2− (y/Sy)2],
where S is the space constant which determines the
aperture size or diameter. Diameter in our study was
defined as the width of the Gaussian aperture measured
where the contrast was 1/e4 of the peak amplitude
(contrast). The numerical value of 1/e4 is 0.01831.
Hence when the observer’s peak contrast threshold is,
say, 10%, at the ‘edge’ contrast, say, an 8° diameter
pattern is 0.001831 or 0.18% (less than 1%). Similarly,
for a contrast threshold of, say, the 20% peak contrast
at the ‘edge’ is 0.36%. For a patch half this size, the
same is true at 4° diameter. We call a stimulus narrow-
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keyboard one of the four buttons arranged to corre-
spond geometrically to the four quadrants of the
screen. For every correct answer the contrast decreased
by 0.1%; and for every incorrect one the contrast
increased by 0.1%. Contrast threshold was determined
after three reversals. CS was calculated as 1 per
threshold. The reaction time (RT) of the observer was
recorded as the time taken from stimulus onset until
keyboard press. Testing was monocular, the eyes were
tested in random order. The non-tested eye was covered
with a patch that allowed light adaptation but elimi-
nated spatial details. Subjects were instructed to fixate a
small cross (30) in the middle of the screen during the
stimulus presentation. The subject’s head was stabilized
during the test. Fixation was monitored visually by the
examiner. A practice trial was given to each subject
before the test. The length of each stimulus trial was
about 15 min. Three-way analysis of variance
(ANOVA) (3 groups×2 eyes×6 diameters) was used
to determine the differences in CS and RT between the
control and patient groups. The criterion level of sig-
nificance was P0.05.
3. Results
3.1. Contrast sensitiity
A 3 (group)×2 (eye)×6 (diameter) ANOVA was
conducted on CS. There were main effects of group
(F(2, 53)=11.81, P0.0001) and diameter
(F(2, 265)=215.05, P0.0001). Interaction between
group and diameter was also significant (F(10, 265)=
5.36, P0.0001) (Fig. 2). Eye as a dependent measure
has no main effect or any interaction with other within-
subject factors (P0.3). These results suggest that the
CS measures differentiated between control subjects
and PMS and DMS patients. The difference was spe-
cific for certain diameters, independently of the eye
tested.
For further specification of these observations, the
Newman–Keuls test was used. As compared to normal
controls, DMS patients had a significantly decreased
CS at diameters of 1.85, 2.5, 3.7, 5.6 and 7.4° (P
0.001), and PMS patients had a decreased CS at diame-
ters of 1.0, 2.5 and 3.7° (P0.01). The CS decrease was
more robust at diameters of 2.5 and 3.7° in both patient
groups (P0.0001). The greatest number of deviant
eyes was found for these two stimulus diameters (2.5
SD less than normal) were also found at these diame-
ters (Table 2). For further examination of this effect,
McNemar’s statistical analysis was used to compare the
correlated proportion of patients’ eyes with abnormal
CS. A significant difference was found in the DMS
group between 2.5 and 7.4° (2=7.2; P0.05) and
between 3.7 and 7.4° (2=7.2; P0.05). In the PMS
group, a significant difference was found between di-
ameters of 2.5 and 5.6° (2=4.00; P0.05) and be-
tween 2.5 and 7.4° (2=4.00; P0.05).
Patients were analyzed in groups with optic neuritis
(ON) and without ON. A 3 (group)×2 (eye)×6 (di-
ameter) ANOVA was conducted on CS. There were
main effects of group (F(2, 53)=9.65, P0.0003) and
diameter (F(5, 265)=110.9, P0.00001). Interaction
between group and diameter was also significant
(F(10, 265)=4.22, P0.00001). Eye as a dependent
Fig. 2. Mean CSs as a function of the size of the Gaussian aperture in 26 normal observers, 23 DMS patients and eight PMS patients. There were
no interocular differences, and hence these curves indicate mean values from the two eyes. All curves are below the normal, even at the smallest
size. As indicated in the text, aperture size refers to 1/e4 diameter of the Gaussian.
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Table 2
Numbers and percentages of eyes with abnormal CS in the two patient groups.
Diameter of stimuli (degree)
1 1.85 2.5 3.7 5.6 7.4
24/45 29/45DMS 27/4524/45 18/45 13/45
53.33% 53.33% 64.44% 60.00% 40.00% 28.88%
12/45 15/45Abnormal CS and ON in the DMS group 12/4512/45 10/45 10/45
26.66% 33.33% 26.66% 22.22%26.66% 22.22%
2/16 7/16PMS 4/164/16 1/16 1/16
12.5%25.00% 43.75% 25.00% 6.25% 6.25%
1/45 2/16Abnormal CS and ON in the PMS group 2/161/16 1/16 1/16
6.25% 6.25% 12.5% 12.5% 6.25% 6.25%
Fig. 3. RTs are reported for each eye of 26 normal observers, 23 DMS patients and eight PMS patients. RTs are prolonged to each stimulus in
both patient groups.
measure had no main effect or any interaction with other
within-subject factors (P0.29). The Newman–Keuls
test showed a significant CS difference between controls
and patients with (P0.005) and without (P0.01) ON.
3.2. Reaction time
The same ANOVA as in the case of CS demonstrated
a single significant main effect of group (F(2, 51)=
14.708, P0.0001) and diameter (F(5, 255)=21.476,
P0.0001). The interaction between group and diameter
was also significant (F(10, 255)=2.632, P0.005). Eye
as a dependent measure has no main effect or any
interaction with other within-subject factors (P0.4).
These results suggest that RT differentiated between
control subjects and PMS and DMS patients. Newman–
Keuls test showed a significant RT increase at all
diameters and in both patient groups as compared to the
normal controls (P0.05) (Fig. 3).
4. Discussion
To evaluate vision in the paracentral VF, Regan,
Whitlock, Murray, and Beverley (1980) at first intro-
duced CP measuring parafoveal sensitivity to extended
gratings. We adopted a different version of the CP.
This version differs substantially from other perimetry
measures. We studied how much contrast is needed to
detect a sinusoidal grating pattern with an increasing
number of cycles. We studied sensitivity as a function
grating size when the pattern is restricted to one VF
quadrant. We took advantage of the fact that conven-
tional CS depends on the area or number of cycles of
the pattern (Findlay, 1969; McCann, Savoy, & Hall,
1978) and used stimuli based on Gabor signals (Gabor,
1946) introduced into visual neurophysiology by
Marcelja (1980). In consequence of the spatial summa-
tion paradigm the test examined essentially every point
in the central 16° of the VF except for the very central
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foveola. Therefore, we were not surprised that the new
method proved to have a high sensitivity for central–
paracentral VF defects. Additionally, the results lend
themselves for a specific pathophysiological discussion
of visual losses in MS. As we shall show, sensitivity as
a function of the size of the grating patch allows us to
draw inferences concerning different types of ganglion
cells that may mediate spatial summation.
Earlier studies (Sloan & Brown, 1967) of the influ-
ence of test target area on visual sensitivity in normal
and impaired regions of the visual field applied non-
patterned luminance targets (Wilson, 1970). The results
were interpreted via a simple scaling of the normal
function. We used patterned stimuli, which are better
suited for testing the activity of neurons with center-
surround receptive field structures. Our results show
that although considerable CS losses were found at
each pattern size in both patients groups compared to
control subjects, a predominant CS decrease was ob-
served at medium-sized stimuli. This result in MS pa-
tients is different from the findings in glaucomatous
optic neuropathy (Bodis-Wollner & Brannan, 1997),
where paracentral VF sensitivity suffers for small stim-
uli and the difference between normals and patients
diminishes with increasing stimulus diameter. This
noteworthy difference between glaucomatous optic neu-
ropathy and MS may be of pathological significance.
The spatial energy spectrum of a sinusoidal grating
stimulus varies with aperture size: for small stimuli (a
few cycles), there is significant energy outside the carrier
frequency (the nominal spatial frequency — 1 cpd of
the pattern); hence, in a small retinal space it stimulates
many types of detectors. When the stimulus patch is
large, the pattern consists of many cycles, and the
energy is concentrated more narrowly. A large patch
(above 5°) of a 1 cpd sinusoidal grating stimulates a
single type of neuron (single size receptive field center)
distributed over a larger area. It is well established that
at least two types of paracentral ganglion cells exist in
the mammalian retina (Enroth-Cugell & Robson,
1966). Therefore, dependent on its size, a Gabor patch
may differentially stimulate two or more retinotopically
co-centered mechanisms representing different types of
ganglion cells: those with broad and those with narrow
spatial bandwidth mechanisms. The results in MS pa-
tients suggest that their CS suffers possibly in the range
where these mechanisms intersect (Brannan & Bodis-
Wollner, 1991). A second consideration, consistent with
the importance of two types of ganglion cells relates to
the threshold contrast of these stimuli. The peak energy
(contrast) is high for small stimuli at threshold, while it
is relatively low for large stimuli. The normal contrast
summation curve shows that at half-max, CS is around
11%, which is near the intersection of the contrast-de-
pendent segregation of magnocellular and parvocellular
pathways demonstrated in the monkey visual system
(Shapley, Kaplan, & Soodak, 1981) and also postulated
for the human (Brannan & Bodis-Wollner). Our results
reveal that in most eyes the detection of medium-sized
stimuli suffered most. This result is consistent with this
critical range but is not consistent with predominant
damage to the parvocellular system, as suggested by
several other studies in the past. A selective parvocellu-
lar explanation is contraindicated by the fact that
asymptomatic MS patients do not consistently exhibit
deficits of visual acuity and color vision which are
functions attributed to the parvocellular system (Zeki,
1978; Van Essen & Maunsell, 1983).
Although at first sights it looks like that deviant
paracentral spatial summation can be predicted by
shifting of the entire normal function, the largest de-
crease in CS at medium-sized stimuli merits some
thoughts. The observations do not fit into an explana-
tion of optic nerve demyelination affecting only one
type of optic nerve fibers as the sole source of visual
defects in MS. The explanation may be that the mecha-
nism of interneuronal connections necessary for spatial
summation as such suffers and is responsible for some
visual deficits in MS. This suggestion is not inconsistent
with the general theory of MS as a demyelinating
disease. Lateral interactions in the retina are pregan-
glionic and are not mediated by myelinated axons. In
contrast, the myelinated axons of the visual cortex, first
described by Polyak (1951) establish like-with-like con-
nections of monocular, orientation-selective columns
(Matsubara, Cynader, Swindale, & Stryker, 1985; Ts’o
& Gilbert, 1988). Should demyelination affect these,
ocular specific deficits would be predicted to stimuli
which are oriented patterns and require the spatial
summation of signals. This interpretation is consistent
with the findings of several VEP and CS studies (Regan
et al, 1977; Camisa et al., 1981; Kupersmith, Seiple,
Nelson, & Carr, 1984; Ghilardi et al., 1990) indicating
monocular orientation and/or spatial frequency-selec-
tive deficits in MS, obtained with repetitive patterns
such as gratings. In our study shows deficits in spatial
summation and the most evident CS deficit at the
intersection of two mechanisms, postulated to partici-
pate in contrast detection (Brannan & Bodis-Wollner,
1991). These results are consistent with an interpreta-
tion that myelinated lateral cortical interconnections
establish binding between neurons covering the same
area of the VF but belonging in different functional
groups. In the parafoveal area optimal binding may
occur over an area representing 2–4° of visual space. It
is conceivable that lateral connections serve to bridge
‘low’ and ‘high’ contrast mechanisms and spatially
‘broad’ and ‘narrow’ band neurons and hence affect
categorical visual perception (Brannan & Bodis-Woll-
ner). Irrespective of this possibility, however, our find-
ings and previous evidence, as discussed above, suggest
that an important substrate of ‘subclinical’ and mani-
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fest visual dysfunction in MS may not be the optic
nerve alone. A parsimonious explanation is that MS
pathology causes scattered lesions of the network rely-
ing on myelinated lateral connections of the visual
cortex, binding monocular columns of ‘like-with-like’
specificity.
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